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Abstract
We consider exclusive two-pion production in antiproton-deuteron interactions at the beam mo-
menta around 10 GeV/c in the kinematics with large momentum transfer in the underlying hard
process p¯n → pi−pi0. The calculations are performed taking into account the antiproton and pion
soft rescattering on the spectator proton in the framework of the generalized eikonal approxima-
tion. We focus on the color transparency effect that is modeled by introducing the dependence
of rescattering amplitudes on the relative position of the struck and spectator nucleons along the
momentum of a fast particle. As a consequence of the interplay between the impulse approximation
and rescattering amplitudes the nuclear transparency ratio reveals a pretty complicated behaviour
as a function of the transverse momentum of the spectator proton and the relative azimuthal angle
between the pi−-meson and the proton. Color transparency significantly suppresses rescattering
amplitudes which leads to substantial modifications of the nuclear transparency ratio moving it
closer to the value obtained in the impulse approximation. By performing the Monte-Carlo analysis
we determine that this effect can be studied at PANDA with a reasonable statistics.
a Corresponding author.
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1. INTRODUCTION
It is widely accepted starting with the classical paper of F. Low [1] that small size color
singlets interact with hadrons with a reduced strength which, however, grows with energy
since the cross section is proportional to the gluon strength at small x [2–4]. This pattern
is a distinctive feature of QCD. The first clear evidence of the small size configurations
in hadrons was found in coherent diffractive dissociation of 500 GeV/c pion into dijets on
carbon and platinum targets [5]. The pattern of the centrality dependence of the forward
(large x) jet production in pA scattering at LHC [6, 7] and RHIC [8] is naturally explained
by the dominance of small size quark configurations containing large x [9].
The small size – or so-called point - like configurations (PLCs), are dynamically selected in
the processes with large momentum transfer, Q2 ≫ 1 GeV2 [10–12]. To probe this property
of QCD, sufficiently high energies are necessary so that a hadron remains frozen in PLC
over distances comparable with the mean free path of the hadron in medium. As a result, in
the limit of high energies, the cross section of the processes with large Q2 is proportional to
the number of nucleons in the target – the regime usually referred to as color transparency
(CT), see ref. [13] for the most recent review.
In the case of exclusive processes γ∗L+N → meson + Baryon induced by a longitudinally
polarized virtual photon1 γ∗L in the limit x = const, Q
2 → +∞ the factorization theorem
[14] is valid which leads to the CT regime. The reason for CT is that the longitudinally
polarized photon consists of a qq¯ pair having a transverse size ∼ 1/Q.
There are several classes of the exclusive processes where large momentum transfer may
lead to the transition to the CT regime. In particular, the increase of the nuclear trans-
parency with Q2 was observed in virtual photon - nucleus interactions γ∗A→ π+ + A∗ [15]
and γ∗A→ ρ0+A∗ [16] studied at TJNAF. However, no clear evidence of CT was reported
so far for processes with a free nucleon in the final state.
For the hadron-induced semi-exclusive reactions h + A → h + p + (A − 1)∗ with large
momentum transfer CT has been predicted in refs. [10, 11]. Until now, only proton-induced
processes A(p, pp)(A − 1)∗ with the elastic scattering pp → pp at Θc.m. = 90◦ from that
reaction family have been studied experimentally indicating the rise of nuclear transparency
with beam momentum at plab < 9 GeV/c consistent with CT [17–20]. However, at higher
1 In contrast to the real photon, the virtual one is allowed to be longitudinal, i.e. to have helicity equal to
zero.
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plab the decrease of nuclear transparency has been observed. It was suggested that this
pattern could be explained by the interference of hard perturbative and soft non-perturbative
processes [21–23].
In the case of antiproton beam, a large number of annihilation channels open which
makes possible the CT studies for reactions A(p¯,M1M2) with various mesonic final states
M = π, η,K, ρ . . .. Since a qq¯-pair is expected to be in a PLC with much larger probability
than a qqq-triple for the same Q2, more pronounced CT signal is expected for mesons than
for baryons.
In general, the presence of CT is a necessary condition for the applicability of the factor-
ization in the description of the underlying hard elementary process, since without CT the
multiple soft gluon exchanges prior and after the hard process would not be suppressed.
The observation of CT for the two-meson final states is useful for the isolation of the type
of the dominating pQCD diagrams. If the elementary p¯N →M1M2 annihilation amplitude
was dominated by the minimum number of the exchanged gluons in the limit s,−t,−u →
+∞, t/s = const, then all propagators would be highly virtual (∝ 1/s) leading to the scaling
law of refs. [24, 25]. High virtuality of the propagators in momentum space implies that
all interaction vertices are near each other in configuration space (see, for example, ref.
[26]). This essentially corresponds to the formation of PLCs unavoidably leading to CT. On
the other hand, the dominating disconnected graphs are likely to correspond to the normal
hadronic size of the participating quark configurations leading to the ’normal’ Glauber-like
nuclear transparency. The interference of the connected and disconnected diagrams may
result in a complicated oscillation pattern of the nuclear transparency, similar to the case of
A(p, pp) reaction [22].
In this work, we will consider the reaction d(p¯, π−π0)p at large momentum transfer in
the elementary p¯n → π−π0 process. We will focus on the beam momentum region of 5-15
GeV/c which could be studied by the PANDA experiment at FAIR [27]. One motivation of
our study are the strong CT effects predicted in ref. [28] for the d(p, 2p)n reaction at the
similar kinematical conditions. So far the d(p, 2p)n reaction at large momentum transfer
has not been studied experimentally.
The observation of CT at such relatively low beam momenta is, however, difficult since
PLCs are not stable. They expand to the normal hadronic size on the length scale given by
the coherence length (see Eq. (24) below). At momenta ∼ 10 GeV/c, the coherence length
3
(∼ 4− 6 fm) is comparable to the radii of medium size nuclei. Thus, the PLC transforms to
a normally interacting hadron already within the nuclear interior. This reduces the increase
of the nuclear transparency which is the main signal of CT.
The deuteron target – in spite of the weakness of the initial and final state interactions –
gives a unique opportunity to minimize the expansion of PLCs because the rescattering in the
deuteron takes place on a relatively short distances r ≤ 2 fm estimated from the maxima of
the 3S1 (r = 1.7 fm) and
3D1 (r = 1.4 fm) components of the deuteron wave function (DWF)
2 This is somewhat conservative estimate as rescattering selects configurations smaller than
average. Hence, in the kinematics sensitive to rescattering CT should have a big effect.
The paper is organized as follows. In the next section we explain the underlying model
based on the generalized eikonal approximation (GEA). The model includes a single-step
amplitude and three two-step amplitudes with elastic rescattering of the incoming antiproton
and either of the two outgoing pions on the spectator proton. The CT effects are included
in the framework of the quantum diffusion model (QDM) via introducing the dependence of
elastic rescattering amplitude on the relative position of the proton and neutron projected
on the particle momentum. Sec. 3 contains the results of the numerical calculations of f
differential cross sections and transparency ratio. We show that the CT effects strongly
modify the shape and the value of the transparency ratio as a function of the transverse
momentum of the spectator and of the azimuthal angle between one the pions and the
spectator. In sec. 4 we provide the estimates of event rates at PANDA and demonstrate some
selected results of the Monte-Carlo simulations. The summary of the results, conclusions
and directions for further studies are presented in sec. 5. The elementary amplitudes are
described in Appendix A.
2. THE MODEL
At the beam momenta of ∼ 5−15 GeV/c the differential cross sections of charge exchange
dσp¯p→n¯n/dt [30], dσpi−p→pi0n/dt [31] and the inelastic cross section dσpi+p→ρ+p/dt [32] at t = 0
are about two orders of magnitude smaller than the respective elastic differential cross
sections at t = 0. Hence the charge exchange processes and the transitions ρ → π can be
safely neglected and we will keep elastic rescattering only. The contributions which we take
2 Throughout this work we apply the Paris potential model [29] for the DWF.
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FIG. 1. Feynman diagrams for the process p¯d → pi−pi0p. The wavy lines denote soft elastic scat-
tering amplitudes. The four momenta of the antiproton, deuteron, pi−, pi0 and of the spectator
proton are denoted as pp¯, pd, k1, k2 and ps, respectively. p1 is the four momentum of the inter-
mediate neutron in the IA amplitude (a). The primed quantities denote the four momenta of the
corresponding intermediate particles in the amplitudes (b),(c),(d) with rescattering.
into account are depicted in Fig. 1. The impulse approximation (IA) amplitude 3 (a) is
expressed as
M (a) = Mann(k1, k2, pp¯)
iΓd→pn(pd, ps)
p21 −m2N + iǫ
, (1)
where Mann(k1, k2, pp¯) is the amplitude of the p¯n → π−π0 annihilation and Γd→pn(pd, ps)
is the d → pn vertex function. The sum over spin projection of the intermediate neutron
is implicitly assumed in Eq.(1) and below. For the on-shell spectator proton the following
relation holds in the deuteron rest frame in the non-relativistic description and neglecting
3 We always mean invariant amplitudes defined according to ref. [33].
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the non-nucleonic degrees of freedom in the deuteron (cf. [34]):
iΓd→pn(pd, ps)
p21 −m2N + iǫ
=
(
2Esmd
p01
)1/2
(2π)3/2φ(p1) , p1 = −ps , (2)
where φ(p1) is the momentum space DWF which contains both S- and D-waves normalized
as ∫
d3p|φ(p)|2 = 1 , (3)
Es =
√
m2N + p
2
s and p
0
1 = md −Es are the energies of the on-shell spectator proton and of
the off-shell struck neutron, respectively.
The amplitudes with rescattering of the proton (b), π0 (c), and π− (d) are given by the
following expressions:
M (b) =
∫
d4p′s
(2π)4
Mp¯p(ps, p
′
s, pp¯)Mann(k1, k2, p
′
p¯)Γd→pn(pd, p
′
s)
(p′2p¯ −m2N + iǫ)(p′2s −m2N + iǫ)(p′21 −m2N + iǫ)
, (4)
M (c) =
∫
d4p′s
(2π)4
Mpi0p(k2, ps, p
′
s)Mann(k1, k
′
2, pp¯)Γd→pn(pd, p
′
s)
(k′22 −m2pi + iǫ)(p′2s −m2N + iǫ)(p′21 −m2N + iǫ)
, (5)
M (d) =
∫
d4p′s
(2π)4
Mpi−p(k1, ps, p
′
s)Mann(k
′
1, k2, pp¯)Γd→pn(pd, p
′
s)
(k′21 −m2pi + iǫ)(p′2s −m2N + iǫ)(p′21 −m2N + iǫ)
, (6)
where Mp¯p(ps, p
′
s, pp¯), Mpi0p(k2, ps, p
′
s) and Mpi−p(k1, ps, p
′
s) are the p¯p, π
0p, and π−p elastic
scattering amplitudes, respectively.
We neglect the contribution of four double rescattering amplitudes considered in [28]
(Figs. 1e – 1h). Two of them are exactly zero (1e, 1f) while two others give a quite small
contribution at the transverse momenta of the spectator nucleon, pst
<∼ 400 MeV/c, we con-
sider in this paper.
Expressions (4),(5),(6) follow from Feynman rules without additional assumptions. How-
ever, the singularities of the propagators do not allow for a direct numerical treatment.
Hence, for practical calculations one needs to make further simplifications depending on
concrete kinematics.
At high energies one can neglect the dependence of the soft elastic rescattering amplitudes
on the energy p′0s of the intermediate spectator. On the other hand, the hard annihilation
amplitude varies weakly on the scale of the momenta transferred in elastic rescattering and
thus can be taken out of the integral. In these approximations, only the singularities due to
the propagator structure of Eqs.(4),(5),(6) should be considered.
In the pion rescattering graphs (c,d), the only pole in the lower part of p′0s complex plane
is the particle pole of the spectator (see also ref. [28]). Thus, Eqs.(5),(6) can be simplified
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by using the relation
∫
C
dp′0s
2π
i
p′2s −m2N + iε
=
1
2E ′s
, E ′s =
√
p′2s +m
2
N , (7)
with the contour C closed in the lower part of the p′0s complex plane. In the antiproton
rescattering graph (b), it is convenient to perform the integration over p′01 = md − p′0s , since
in this case the particle pole of the struck neutron is the only pole in the lower part of the p′01
complex plane. This can be done by using Eqs.(7) with replacement s→ 1. After replacing
E ′s, E
′
1 → mN , i.e. neglecting Fermi motion in the calculation of nucleon energies, we obtain
the amplitudes (b),(c) and (d) in the pole approximation:
M (b) = −m1/2N Mann(k1, k2, pp¯)
∫
d3p′s
(2π)3/2
φ(p′1)Mp¯p(t)
p′2p¯ −m2N + iǫ
, (8)
M (c) = −m1/2N Mann(k1, k2, pp¯)
∫
d3p′s
(2π)3/2
φ(p′1)Mpi0p(t)
k′22 −m2pi + iǫ
, (9)
M (d) = −m1/2N Mann(k1, k2, pp¯)
∫
d3p′s
(2π)3/2
φ(p′1)Mpi−p(t)
k′21 −m2pi + iǫ
, (10)
where p′1 = −p′s and t = k2 with k = ps − p′s being the four momentum transfer to the
spectator proton.
The inverse propagator of an antiproton can be linearized with respect to the longitudinal
momentum transfer to the spectator:
p′2p¯ −m2N + iǫ = (pp¯ − k)2 −m2N + iǫ = −2pp¯k + k2 + iǫ = 2|pp¯|(kz −∆0p¯ + iǫ) , (11)
with z axis directed along pp¯ and
∆0p¯ ≡ |pp¯|−1[Ep¯(Es − p′0s )− (ps − p′s)2/2] ≃ |pp¯|−1(Ep¯ +mN)(Es −mN) . (12)
In Eq.(12) at the last step we used the relation p′0s = md − E ′1 with E ′1 =
√
m2N + p
′2
1 and
then neglected the Fermi motion of the struck neutron by setting p′1 = 0.
In a similar way, it is possible to transform the inverse propagator of the π0-meson:
k′22 −m2pi + iǫ = (k2 + k)2 −m2pi + iǫ = 2k2k + k2 + iǫ = 2|k2|(−kz +∆02 + iǫ) , (13)
with z axis directed along k2 and
∆02 ≡ |k2|−1[ω2(Es −E ′s) + (ps − p′s)2/2] ≃ |k2|−1(ω2 −mN )(Es −mN) , (14)
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with ω2 =
√
m2pi + k
2
2. In the last step of Eq.(14) the Fermi motion of the on shell interme-
diate spectator is neglected, i.e. we set p′s = 0. The inverse propagator of the π
−-meson can
be obtained by using Eqs.(13),(14) with replacement of the subscript 2→ 1.
Eqs.(11),(13) are the main assumptions of the GEA. Similar expressions appear in other
calculations based on the GEA (cf. [28, 35–38]). We will proceed using the coordinate
space representation which is necessary for the introduction of the CT effects later on.
The linearized propagators can be written down in the coordinate representation using the
identity:
i
p+ iǫ
=
∫
dz0Θ(z0)eipz
0
, (15)
where Θ(x) is the Heaviside step function (Θ(x) = 0 for x < 0, Θ(x) = 1/2 for x = 0, and
Θ(x) = 1 for x > 0). The DWFs in the momentum and coordinate space are related as
follows:
φ(p′1) =
∫
d3r
(2π)3/2
e−ip
′
1rφ(r) , r = r1 − rs . (16)
We will now put the intermediate fast particles on the mass shell by setting kz = ∆0p¯,∆
0
2
and ∆01 in the elementary elastic rescattering amplitudes Mp¯p(t), Mpi0p(t) and Mpi−p(t),
respectively. This allows to perform integration over p′zs in Eqs.(8),(9),(10) analytically.
Then, after integration over azimuthal angle of kt we obtain the following expressions for
the amplitudes with elastic rescattering:
M (b) =
iMann(k1, k2, pp¯)
4π|pp¯|m1/2N
∫
d3rφ(r)Θ(z)eipsr−i∆
0
p¯z
+∞∫
0
dktktMp¯p(tp¯)J0(ktb) , (17)
M (c) =
iMann(k1, k2, pp¯)
4π|k2|m1/2N
∫
d3r˜φ(r)Θ(−z˜)eipsr−i∆02z˜
+∞∫
0
dktktMpi0p(t2)J0(ktb˜) , (18)
M (d) =
iMann(k1, k2, pp¯)
4π|k1|m1/2N
∫
d3r˜φ(r)Θ(−z˜)eipsr−i∆01z˜
+∞∫
0
dktktMpi−p(t1)J0(ktb˜) , (19)
where tj = (Es −mN )2 − (∆0j)2 − k2t with j = p¯, 1, 2, b = (x2 + y2)1/2, b˜ = (x˜2 + y˜2)1/2, and
J0(x) =
1
2π
2pi∫
0
dφ e−ix cosφ (20)
is the Bessel function of the first kind. The space integration in the amplitude (18) is per-
formed in the rotated coordinate system with z˜-axis along k2 = |k2|(sinΘ cosφ, sinΘ sinφ, cosΘ).
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This allows to accelerate numerical calculations, since the argument of the Bessel function
does not depend on the azimuthal angle of r˜. The position vector r in the original frame
with z-axis along the antiproton beam momentum is expressed via rotation matrix with
Euler angles α = φ, β = Θ, and γ = 0 [39].

x
y
z

 =


cosφ cosΘ − sinφ cosφ sinΘ
sinφ cosΘ cosφ sinφ sinΘ
− sin Θ 0 cosΘ




x˜
y˜
z˜

 . (21)
In a similar way, in the amplitude (19) the space integration is performed in the rotated
coordinate system with z˜-axis along k1. Note that the argument r of the DWF was always
calculated in the original frame with z-axis along the antiproton beam momentum that has
been fixed as the spin quantization axis.
For simplicity, the elastic rescattering amplitudes were supposed to conserve spin projec-
tions of particles and to be spin-independent which is quite reasonable for small momentum
transfers. The details of the elementary amplitudes are given in Appendix A. We will now
discuss how the CT effects are included in the model discussed above.
2.1. The CT effects
CT implies that the hadrons participating in a hard collision are interacting with the
surrounding nucleons in vicinity of a hard collision point with a reduced strength. Since
the transverse size of the hadrons is reduced, their form factors in momentum space get
harder which leads to the modification of the momentum transfer dependence of the elastic
scattering. These two effects are combined within the QDM [35, 40] that is the model of
CT at intermediate energies where the expansion of PLCs is a non-negligible effect. The
QDM has been successfully applied to describe experimental data on the pion- [41–43] and
ρ-meson [44, 45] electroproduction at TJNAF.
In the QDM the elementary amplitudes of the elastic scattering become position depen-
dent and can be written as follows:
Mhp(t, z) = 2iphmNσ
eff
hp(ph, |z|)(1− iρhp)eBhpt/2
Gh(t · σ
eff
hp
(ph,|z|)
σtot
hp
)
Gh(t)
, (22)
where z = (r1 − rs) · pˆh is the relative position of the struck and spectator nucleons along
the hadron momentum ph (h = p¯, π). In comparison to the standard elastic scattering
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amplitudes of Eqs.(A2),(A3) the amplitude of Eq.(22) includes the effective cross section
σeffhp(ph, |z|) = σtothp
([ |z|
lh
+
〈n2hk2ht〉
Q2
(
1− |z|
lh
)]
Θ(lh − |z|) + Θ(|z| − lh)
)
, (23)
where
√〈k2ht〉 = 0.35 GeV/c is the average transverse momentum of a parton in the scattered
hadron, nh is the number of valence partons in the hadron (np¯ = 3, npi = 2). Q
2 =
min(−thard,−uhard) is the hard scale, thard = (pp¯ − ppi−)2, uhard = (pp¯ − ppi0)2. The effective
cross section grows linearly with increasing longitudinal distance |z| for |z| ≤ lh and becomes
equal to the total hadron-proton cross section for |z| ≥ lh. Here the coherence length is
expressed as
lh =
2ph
∆M2
, (24)
with the mass denominator ∆M2 ≃ 0.7− 1.1 GeV2 [13, 28].
The reduced transverse size of the scattered hadron influences not only the total inter-
action strength with a proton, but also the formfactor of this hadron which influences the
momentum transfer dependence of the elastic amplitude [35]. This effect is taken into ac-
count by the last term in the r.h.s. of Eq.(22) where Gh(t) is the electromagnetic formfactor
of the scattered hadron. For the antiproton we apply the dipole formfactor
Gp¯(t) =
1
(1− t/0.71 GeV2)2 , (25)
that is the Sachs electric form factor of the proton. For the pion we use the monopole form
factor
Gpi(t) =
1
1− 〈r2pi〉t/6
, (26)
where 〈r2pi〉 = 0.439± 0.008 fm2 is the mean square charge radius of the pion [46].
2.2. Observables
The differential cross section is defined as follows:
dσp¯d→pi−
1
pi0
2
p =
(2π)4|M |2
4plabmd
dΦ3 , (27)
where |M |2 = |M (a) +M (b) +M (c) +M (d)|2 is the modulus squared of the total invariant
amplitude summed over spins of final particles and averaged over spins of initial particles
and
dΦ3 = δ
(4)(pp¯ + pd − k1 − k2 − ps) d
3k1
(2π)32ω1
d3k2
(2π)32ω2
d3ps
(2π)32Es
(28)
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is a Lorentz-invariant three-body phase space volume element. It is convenient to introduce
the light cone (LC) variables αs and β. In the infinite momentum frame with fast backward
deuteron, αs/2 is the deuteron momentum fraction carried by the spectator, while in the
infinite momentum frame with fast forward antiproton, β/2 is the fraction of the momentum
of the p¯+struck neutron system carried by π−-meson. 4 Therefore, in the laboratory frame
with p¯ beam momentum in positive z-direction we have
αs =
2(Es − pzs)
md
, (29)
β =
2(ω1 + k
z
1)
Ep¯ +md −Es + plab − pzs
. (30)
Variables αs and β are longitudinal boost invariant and approximately conserved in elastic
rescattering at high energies. In the c.m. frame of the p¯ and the struck neutron one can
express β via the polar scattering angle Θc.m. of the π
−-meson with respect to the antiproton:
β ≃ 1 + cosΘc.m. , (31)
where we neglected the pion mass and the change of β due to a finite transverse momentum
of the spectator. As shown in Appendix B, by using the LC variables the four-differential
cross section can be written in the following form :
αsβ
d4σ
dαs dβ dφ pstdpst
=
|M |2k1t
16(2π)4plabmdκt
, (32)
where φ is the relative azimuthal angle between π−-meson and spectator proton,
φ = φ1 − φs , (33)
and
κt = 2
∣∣∣∣2k1tβ + pst cos φ
∣∣∣∣ . (34)
For a better visibility of the rescattering effects one can use the transparency ratio T .
We will apply the definition adopted from studies of A(e, e′p) and d(p, 2p)n reactions, see
[28, 35] and refs. therein:
T ≡ σ
DWIA
σIA
=
|M (a) +M (b) +M (c) +M (d)|2
|M (a)|2
, (35)
4 Of course, this has a meaning only if a frame exists that approximately satisfy the both conditions
simultaneously. If we require highly-energetic p¯, then such a frame could be chosen, for example, as the
c.m. frame of the antiproton and the deuteron.
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where σDWIA and σIA are the differential cross sections calculated within the distorted
wave impulse approximation and impulse approximation, respectively. Instead of σDWIA
one should use a measured cross section if it is available.
We have to admit, however, that in this exploratory study we rely on a quite rough model
for the amplitude of the p¯n → π−π0 channel. Thus, our calculations should be eventually
normalized to the measured data for the d(p¯, π−π0)p process in the quasifree kinematics
αs ≃ 1, pst <∼ 0.1 GeV/c, where the deviations from IA are small.
3. RESULTS
All calculations are performed in the transverse kinematics, αs = 1, where the used
non-relativistic description of the DWF is expected to be valid (cf. [28]). In Fig. 2 we
display the spectator transverse momentum, pst, dependence of the four-differential cross
section, Eq.(32), calculated for three values of the beam momentum, plab = 5, 10 and 15
GeV/c for the in-plane kinematics, φ = 0◦. Pure IA produces a monotonically dropping
cross section with pst. Antiproton rescattering leads to strong deviations from IA: depletion
at low and enhancement at high spectator transverse momenta. Pion rescattering further
amplifies these effects. CT diminishes the effects of rescattering driving the cross section
closer to the IA shape. The effect of CT is, as expected, stronger for larger beam momenta.
However, due to the scaling law [24, 25], the cross section strongly drops with plab at fixed
β = 1, corresponding to Θc.m. = 90
◦ (cf. Fig. 10b) which may complicate the experimental
observation of the CT effects. To this end, we have also performed a calculation for β = 1.5,
i.e. for Θc.m. = 60
◦ that is displayed in Fig.2d. We see that the cross section is larger for
β = 1.5 by an order of magnitude as compared to the case of β = 1. The CT effect is still
strong for β = 1.5, despite the smaller momentum transfer.
Fig. 3 shows the pst-dependence of the four-differential cross section in the out-of-plane
kinematics, φ = 90◦. Pion rescattering has much stronger effect in this case as compared
to φ = 0◦. This can be seen by inspecting the phases of the exponents in Eqs.(18),(19).
We see that large longitudinal (along the scattered pion) momenta of the spectator proton
lead to quickly oscillating exponents as function of longitudinal separation. Thus, relatively
small longitudinal momentum transfer kz ∼ ∆01,2 ∼ 0.1 GeV/c is favored. However, the
transverse momentum transfer is regulated by the momentum dependence of the elastic πN
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FIG. 2. Four-differential cross section p¯d → pi−pi0p as a function of the transverse momentum of
spectator proton for the relative azimuthal angle between pi− and spectator proton φ = 0◦. Different
panels display the calculations for the different beam momenta plab and the LC momentum fraction
β carried by the pi−, as indicated. The GEA calculations are shown by the dash-dotted, dotted
and solid lines corresponding to the IA, IA plus p¯ rescattering, and IA plus p¯ and pion rescattering.
The calculations with p¯ and pion rescattering taking into account CT are displayed by the grey
band limited by the values of the mass denominator of the coherence length ∆M2 = 0.7 GeV2 and
1.1 GeV2. The calculations are performed for αs = 1.
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FIG. 3. Same as Fig. 2 but for φ = 90◦.
scattering amplitude, Eq.(A3), where the slope Bpi±p is of the order of 7-8 GeV
−2, and so
the transverse momentum transfer kt ∼ 0.5 GeV/c is easily possible. For the fixed pst and
β, the component of the spectator momentum along the scattered pion is smaller in the out-
of-plane kinematics than in the in-plane one. This leads to relatively smaller suppression of
the large-pst cross section in the case of the out-of-plane kinematics.
Figs. 4,5 show the transparency ratio T vs spectator transverse momentum pst for the
in-plane and out-of-plane kinematics, respectively. At pst
<∼ 0.3 GeV/c we observe nuclear
14
10-1
100
101
 0  0.1  0.2  0.3  0.4  0.5
β=1, φ=0o
plab=5 GeV/c(a)
T
pst (GeV/c)
GEA
CT
10-1
100
101
 0  0.1  0.2  0.3  0.4  0.5
β=1, φ=0o
plab=10 GeV/c(b)
T
pst (GeV/c)
GEA
CT
10-1
100
101
 0  0.1  0.2  0.3  0.4  0.5
β=1, φ=0o
plab=15 GeV/c(c)
T
pst (GeV/c)
GEA
CT
10-1
100
101
 0  0.1  0.2  0.3  0.4  0.5
β=1.5, φ=0o
plab=15 GeV/c(d)
T
pst (GeV/c)
GEA
CT
FIG. 4. Transparency ratio (see Eq.(35)) for the process p¯d → pi−pi0p as a function of transverse
momentum of spectator proton for the relative azimuthal angle between pi− and spectator proton
φ = 0◦. Different panels display the calculations for the different beam momenta plab and the LC
momentum fraction β carried by the pi−, as indicated. The GEA calculation is shown by the solid
line. The calculations with CT are displayed by the grey band limited by the values of the mass
denominator of the coherence length ∆M2 = 0.7 GeV2 (dashed line) and 1.1 GeV2 (dotted line).
All calculations include p¯ and pion rescattering amplitudes. The calculations are performed for
αs = 1.
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FIG. 5. Same as Fig. 4 but for φ = 90◦.
absorption, i.e. T < 1. The absorptive behaviour arises due to the interference term between
the IA and rescattering amplitudes, similar to the previous GEA studies [28]. The interfer-
ence term governs the decrease of T with growing transverse momentum of the spectator
at pst
<∼ 0.2 GeV/c. At larger pst’s the squared rescattering amplitudes become dominant
leading to the increase of the transparency ratio, especially strong for the out-of-plane kine-
matics. CT reduces the effect of rescattering amplitudes both at low and high transverse
momenta and thus smooths down the structures in the pst-dependence of the transparency
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ratio. Since the absolute values of the rescattering amplitudes calculated with CT are gen-
erally smaller than those in GEA, the transition from the absorption to the rescattering
regime takes place at larger transverse momenta of the spectator. The effect of CT is more
pronounced for the in-plane kinematics that can be again explained by quickly oscillating
exponents in Eqs.(18),(19) as functions of longitudinal separation. In this case the integrals
are dominated by small longitudinal separations where CT is stronger.
Figs. 6 and 7 show the azimuthal angle dependence of the transparency ratio T for for
low and high beam momenta, respectively. For pst
<∼ 0.2 GeV/c, we observe the in-plane
(φ = 0◦ and 180◦) enhancement, while at higher transverse momenta – the out-of-plane
(φ = 90◦ and 270◦) enhancement sets in. This is due to a larger pion rescattering amplitude
in the case when the momenta of the scattered pion and spectator proton are orthogonal.
At small transverse momentum of the spectator proton the destructive interference of the
pion rescattering amplitude and the IA amplitude leads to a larger absorption for φ = 90◦
and 270◦ while at large transverse momentum the dominating pion rescattering amplitude
squared leads to the enhanced production for the same relative azimuthal angles. At the
intermediate transverse momenta, a more complicated shape of the azimuthal dependence
emerges in the GEA calculations at smaller beam momenta (see Fig. 6 for pst = 0.2 GeV/c).
The CT effect on the azimuthal dependence of T is more pronounced at higher beam mo-
menta. We note that the choice of the LC variable β (1 or 1.5) has practically no influence
on the φ-dependence of the transparency ratio. At smaller (larger) transverse momenta of
the spectator, CT leads to stronger (weaker) variation of the transparency ratio with the
azimuthal angle as compared to the GEA calculation. Similar behaviour was found in ref.
[28] for the case of d(p, 2p)n process (see Fig. 7 of ref. [28]).
4. MONTE-CARLO SIMULATIONS
We have performed Monte-Carlo (MC) simulations primarily aimed to evaluate event
rates at PANDA. Two types of MC simulations have been performed.
In the first simulation run, we have calculated the integrated cross section applying the
kinematic cuts on the produced particles. The integrated cross section has been calculated
as follows:
σp¯d→pi−
1
pi0
2
p =
(2π)4
4plabmd
Φ3〈|M |2F(k1,k2,ps)〉 , (36)
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FIG. 6. Transparency ratio (see Eq.(35)) for the process p¯d → pi−pi0p at the beam momentum of
5 GeV/c, αs = 1, β = 1 as a function of the relative azimuthal angle between pi
− and spectator
proton for the different transverse momenta pst of the spectator proton. The GEA calculation is
shown by the solid line. The calculations with CT are displayed by the grey band limited by the
values of the mass denominator of the coherence length ∆M2 = 0.7 GeV2 (dashed line) and 1.1
GeV2 (dotted line). All calculations include p¯ and pion rescattering amplitudes.
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FIG. 7. Same as Fig. 6 but for plab = 15 GeV/c.
where
Φ3 =
∫
dΦ3 (37)
is the integrated phase space volume (see Eq.(28)), F is the function defined so that F = 1(0)
if the outgoing momenta k1,k2,ps are within (out of) the cutting region. The integrated
phase space volume Φ3 has been calculated numerically using Dalitz-type expressions (cf.
[47]). The angular brackets 〈. . .〉 in Eq.(36) denote the averaging over phase space volume
which has been calculated by MC sampling momenta k1,k2,ps with probability dP ∝ dΦ3.
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In that way we obtained the integrated cross section collected in Table I. We see that for
TABLE I. Integrated cross sections of the process p¯d→ pi−pi0ps in the region pst = 0− 0.5 GeV/c,
αs = 0.9 − 1.1 and the numbers of events per day for the high-luminosity mode of PANDA,
L = 2 · 1032 cm−2s−1. Listed are the values calculated with CT, ∆M2 = 0.7 GeV2 and (in
parentheses) without CT.
plab, GeV/c β σint, pb events/day
5 0.9-1.1 8039 (7558) 138920 (130597)
10 0.9-1.1 1309 (1179) 22616 (20365)
15 0.9-1.1 229 (202) 3965 (3496)
15 1.4-1.6 3429 (3052) 59251 (52744)
β = 1±0.1 the integrated cross sections are of the order of nb which allows to collect statistics
of the order of 105 and 103 events per day at 5 and 15 GeV/c, respectively. Choosing the
range β = 1.5± 0.1 leads to an order of magnitude larger cross sections at 15 GeV/c.
In the second simulation run, we performed the sampling of events with probability
dP ∝ F(k1,k2,ps)|M |2dΦ3. At plab = 15 GeV/c, we simulated 40000 events for β =
0.9 − 1.1 and 600000 events for β = 1.4 − 1.6 with the full matrix element (including all
rescattering amplitudes). As one sees from Table I, this statistics corresponds to ∼ 10 days
of measurements. Since the pst-integrated cross sections are practically insensitive to the
rescattering amplitudes, the transparency ratio can be thus calculated as the ratio of the
differential probabilities obtained with full and IA matrix elements:
T =
dP full/dpst
dP IA/dpst
. (38)
The distribution dP full/dpst is supposed to be measurable in the experiment, while dP
IA/dpst
is a pure theoretical distribution. Thus, in the latter case the number of events is, in principle,
limited by the available computing resources only. In order to calculate the transparency
ratio (38), we simulated 200000 and 600000 events with the IA matrix element for β =
0.9−1.1 and β = 1.4−1.6, respectively. This statistics is enough for the present exploratory
studies.
Fig. 8 shows the spectator transverse momentum dependence of the transparency ratio
(38) at plab = 15 GeV/c. We see that the MC results agree with the results of direct
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FIG. 8. Transparency ratio calculated in the MC simulation (see Eq.(38)) for the process p¯d →
pi−pi0p at the beam momentum of 15 GeV/c, αs = 1±0.1 as a function of the transverse momentum
pst of the spectator proton. Panels (a) and (b) show, respectively the kinematics with β = 1± 0.1
and β = 1.5± 0.1. The GEA calculation is shown by the thin blue line. The calculation with CT
for ∆M2 = 0.7 GeV2 is shown by the thick black line.
calculations, Figs. 4c,d and 5c,d (some difference between the simulated and the direct
results is mostly due to averaging over relative azimuthal angle in the MC simulations).
It is also evident that the difference between the GEA and the CT calculations becomes
observable even with our modest statistics. The study of the azimuthal distributions at large
transverse momenta requires larger statistics which makes the kinematics with β = 1.5±0.1
preferable, as shown in Fig. 9. However, even for αs = 1± 0.1 we observe the same pattern
as we found in the direct calculation of the distributions, see Fig. 7 for pst = 0.3 GeV/c and
0.4 GeV/c. It is quite clear that in calculations with CT the peaks at 90◦ and 270◦ are much
less pronounced since pion rescattering amplitude is suppressed.
5. SUMMARY AND OUTLOOK
Based on the GEA method, we have developed the model for the exclusive channel
p¯d → π−π0p at plab ∼ 10 GeV/c for large momentum transfer in the elementary process
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FIG. 9. Transparency ratio from the MC simulation at the beam momentum of 15 GeV/c, αs =
1 ± 0.1 as a function of the relative azimuthal angle between pi− and spectator proton for the
transverse momentum of the spectator proton larger than 0.3 GeV/c. Panels (a) and (b) correspond
to the kinematics with β = 1± 0.1 and β = 1.5± 0.1. Line notations are the same as in Fig. 8.
p¯n→ π−π0. The IA amplitude and the three amplitudes with elastic rescattering of either
p¯, π− or π0 on the spectator proton have been included coherently. The CT effects are taken
into account in the rescattering amplitudes. The calculations of the four-fold differential
cross section and of the transparency ratio have been performed at plab = 5, 10 and 15 GeV/c
for small longitudinal momentum of spectator proton (αs = 1) and transverse momentum
pst < 0.5 GeV/c. The main results of our calculations can be summarized as follows:
• In a qualitative agreement with previous studies of the channel pd → ppn with spec-
tator neutron [28], it is shown that the transparency ratio is below one for small
transverse momenta of the spectator (pst
<∼ 0.3 GeV/c) indicating absorption region
and grows substantially above one for larger transverse momenta indicating rescatter-
ing region.
• The transparency ratio as a function of the relative azimuthal angle φ between π−
and spectator is studied. The interference of the pion rescattering amplitude with
the IA amplitude results in the transparency ratio having minima for small pst in the
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out-of-plane kinematics, i.e. for φ = 90◦ and 270◦. On the other hand, at large pst, the
pion rescattering amplitude squared produces the maxima in the transparency ratio
at φ = 90◦ and 270◦. Studies of these observables would allow rigorous tests of GEA
at the low end of the energy interval we considered.
• CT leads to a factor of 2-3 increase (decrease) of transparency in the absorption
(rescattering) region, more pronounced at higher plab.
• The MC simulations indicate that the CT effects can be visible already with quite
modest statistics of ∼ several 10000 events in the kinematical region of interest which
could be collected during a pretty short run of PANDA with the deuteron target.
We have also checked that very similar behaviour appears in the channel p¯d → π−π+n
with spectator neutron. In some sense, theoretical predictions for that channel would be
even more robust because the elementary process p¯p→ π−π+ is constrained by experiment.
However, the detection of slow neutrons seems to be problematic at PANDA. Thus, we
decided to present only calculations for the channel with spectator proton in this paper.
This channel would be the simplest one and its study seems to be feasible at the beginning
of PANDA operation. There are, of course, other opportunities to study CT, for example,
in the channels p¯d→ K−K0p and p¯d→ π−γp. (In principle, there are much more possible
channels, but for these two the elastic scattering cross sections on the proton are known.)
In the latter channel, the photon transparency (cf. [48, 49]) can also be studied.
The extension for the nuclear targets heavier than deuteron is a natural next step in
theoretical studies of CT that is expected to significantly reduce absorption in semiexclusive
channels with heavier targets, like A(p¯, π−π0)(A− 1)∗ and similar with other two-meson or
meson-photon final states. Yet another interesting opportunity is the nuclear transparency
in the A(p¯, p¯p)(A− 1)∗ quasi-elastic channel with large momentum transfer in the p¯p→ p¯p
scattering. Since in the latter process, in contrast to the pp → pp scattering, the quark
exchange is impossible, the PLC may not be formed and then CT will not present 5. Testing
this expectation at PANDA would certainly be important for our present understanding of
the CT phenomenon.
5 Remember that the exclusive large angle reactions for which a quark exchange in not allowed are strongly
suppressed as compared to the ones for which the quark exchange is allowed [50].
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Appendix A: Elementary amplitudes
A1. p¯n→ pi−pi0
For the N¯N → ππ annihilation amplitude we apply the nucleon and ∆ exchange model
in a version described in Appendix C of ref. [34]. The powers of the vertex form factors are
chosen from the condition of the s→∞, t/s = const asymptotic scaling law [24, 25]
dσ
dt
=
f(t/s)
sn
, n =
∑
ni − 2 , (A1)
with ni being the number of quarks in each incoming and outgoing hadron. This leads to
the πNN and πN∆ vertex form factors having powers of 2 and 5/2, respectively. The cutoff
parameters ΛpiNN = 2.0 GeV and ΛpiN∆ = 1.8 GeV are chosen to reproduce the shape of the
t-dependence of the differential cross section p¯p→ π−π+ at plab = 5 GeV/c (see Fig. 14 in ref.
[34]). The absolute value of that cross section at Θc.m. = 90
◦ is accounted for by multiplying
the invariant amplitude by the factor
√
Ω with Ω = 0.008 motivated by significant absorption
in the incoming N¯N channel. It is clear that such a description of the elementary N¯N → ππ
amplitude is pretty simple. However, we believe that it is good enough for our purposes to
address reactions at plab ∼ 5−15 GeV/c. Fig. 10 shows the t-dependence of the p¯n→ π−π0
differential cross section dσ/dt at plab = 5 GeV/c (a) and the s-dependence of the same cross
section at Θc.m. = 90
◦ (b). The nucleon exchange contributions dominate at Θc.m. = 90
◦
while the ∆ exchanges are important at forward and backward scattering angles. The local
minimum at s = 6.77 GeV2 (plab = 2.5 GeV/c) is due to destructive interference of n and
p exchanges. In the case if only neutron exchange is possible (p¯p → π−π+) or the neutron
and proton exchanges interfere constructively (p¯p→ π0π0) the s-dependence is smooth.
A2. p¯p→ p¯p
The antiproton-proton elastic scattering amplitude at high energies and forward scatter-
ing angles can be conveniently parameterized by the expression
Mp¯p(t) = 2iplabmNσ
tot
p¯p (1− iρp¯p)eBp¯pt/2 , (A2)
where the plab-dependent parameterizations σ
tot
p¯p and Bp¯p are described in ref. [51]. While
the total cross section and the slope of momentum transfer dependence are well constrained
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FIG. 10. Differential cross section p¯n → pi−pi0 as a function of −t at plab = 5 GeV/c (a) and
as a function of s at Θc.m. = 90
◦ (b). In panel (a), the solid, dashed, dotted, dash-dotted and
dash-double-dotted lines correspond to full cross section and to the partial contributions of the
neutron, proton, ∆0 and ∆+ exchanges. In panel (b) the solid line shows the calculated full cross
section while the dashed line – the power law fit of Eq.(A1) with n = 8.
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by experiment, the data on ρp¯p = ReMp¯p(0)/ImMp¯p(0) at plab = 5 − 15 GeV/c are quite
scarce and thus we rely here on the extrapolation of the Regge-Gribov fit [52]. towards low
beam momenta. Fortunately, the sensitivity of our results to ρp¯p is quite weak.
A3. piN → piN elastic
Elastic scattering of charged pions on protons is thoroughly studied and the elastic am-
plitude can be thus parameterized in a usual way:
Mpi±p(t) = 2iplabmNσ
tot
pi±p(1− iρpi±p)eBpi±pt/2 . (A3)
The plab-dependent total π
±p cross sections are well described by the CERN-HERA fit [47].
The ratios ρpi±p = ReMpi±p(0)/ImMpi±p(0) are taken from the Regge-Gribov fit [52]. The
parameterizations of the slope parameters Bpi±p at |t| = 0.2 GeV2 are provided in ref. [53].
The amplitude of the π0p elastic scattering can be calculated from the isospin relation:
Mpi0p(t) =
1
2
(Mpi−p(t) +Mpi+p(t)) . (A4)
Appendix B: The differential cross section in the LC variables
The purpose of this Appendix is to derive Eq.(32). Let us consider the frame where the
four-momentum of the p¯ + d system is P = pp¯ + pd = (P0, 0, P ) with P → +∞. In that
frame the four-momenta of the pions are ki = (ωi,kit, α˜iP ), i = 1, 2 and the four-momentum
of the spectator is ps = (Es,pst, α˜sP ). The particle energies can be written as
ωi = α˜iP +
m2it
2α˜iP
, m2it = m
2
pi + k
2
it , (B1)
Es = α˜sP +
m2st
2α˜sP
, m2st = m
2
N + p
2
st , (B2)
P0 = P + P
2
2P
. (B3)
After simple algebra the invariant phase space volume element (28) can be rewritten in
terms of the LC variables α˜i, i = 1, 2, s and the transverse momenta as follows:
dΦ3 = = 2δ(P2 − m
2
1t
α˜1
− m
2
2t
α˜2
− m
2
st
α˜s
)
×δ(2)(k1t + k2t + pst)δ(1− α˜1 − α˜2 − α˜s)
d2k1tdα˜1
(2π)32α˜1
d2k2tdα˜2
(2π)32α˜2
d2pstdα˜s
(2π)32α˜s
. (B4)
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After successive integrations over d2k2tdα˜2 and dk1t the phase space volume (B4) becomes:
dΦ3 =
2
|∂F/∂k1t|
k1tdφ1dα˜1
(2π)32α˜1
1
(2π)32α˜2
pstdpstdφsdα˜s
(2π)32α˜s
, (B5)
where
F = P2 − m
2
1t
α˜1
− m
2
2t
α˜2
− m
2
st
α˜s
(B6)
and, therefore,
∂F
∂k1t
= − ∂
∂k1t
(
m21t
α˜1
+
m22t
α˜2
)
= −2(k1t/α˜1 + (k1t + pst cosφ)/α˜2) . (B7)
For the non-polarized particles the differential cross section is invariant with respect to
rotations about beam axis. Thus, we can integrate the cross section over dφs keeping the
relative azimuthal angle φ of Eq.(33) fixed. This leads to the following expression for the
four-differential cross section:
α˜sα˜1
d4σ
dα˜s dα˜1 dφ pstdpst
=
|M |2k1t
16(2π)4plabmd|∂F/∂k1t|α˜2 . (B8)
By using the relations between the LC variables∣∣∣∣dα˜1α˜1
∣∣∣∣ =
∣∣∣∣dββ
∣∣∣∣ =
∣∣∣∣dk
z
1
ω1
∣∣∣∣ , (B9)∣∣∣∣dα˜sα˜s
∣∣∣∣ =
∣∣∣∣dαsαs
∣∣∣∣ =
∣∣∣∣dp
z
s
Es
∣∣∣∣ (B10)
we finally obtain Eq.(32) where κt = |∂F/∂k1t|α˜2.
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